ABSTRACT: Using analyses of individuals, dry weight, RNA, DNA and protein content were measured on the same samples to assess the nutritional status of laboratory-reared larvae and juveniles of Solea solea (L.). During the early life of S. solea, 2 growth periods could b e distinguished by dry weight measurements and biochemical composition analysis. After metamorphosis, dry weight, RNA, DNA and protein content per individual increased more slowly than before metamorphosis. RNA, DNA and protein were strongly positively correlated to dry weight of fed larvae. Starvation led to immediate loss of weight and to decrease in RNA and protein content, while DNA amount per individual remained roughly constant. Percentage of protein relative to dry weight was always lower in starved larvae or juveniles than in fed ones. DNA and RNA percentages decreased after metamorphosis, but remained always higher in starved than in fed fish. The RNA:DNA ratio continuously decreased during starvation and could b e used to discriminate staning from feeding larvae after a few days. However, the RNA:DNA ratio of fed larvae showed relatively large fluctuations during larval development, and its decrease during starvation was strongly dependent upon the ontogenetic stage. The increase of DNA relative to dry weight was also dependent upon the developmental stage of starved larvae, but was much more stable in fed larvae and juveniles. Percentage of DNA can b e used to define critical levels (3 % before metamorphosis, 1.5 % after it) above which larvae are undergoing starvation. The usefulness of the RNA:DNA ratio or DNA percentage as indices of nutritional condition is discussed.
INTRODUCTION
Fish recruitment variability from year to year is commonly ascribed to the success of the early life-history stages. While starvation and predation are often pointed out as the major causes of larval mortality (Shelbourne 1957 , May 1974 , Cushing 1975 , their real and individual effects generally cannot b e dissociated in the field. Starvation induces a deficient growth rate (Buckley 1982 (Buckley , 1984 and lengthens larval life time, thus increasing vulnerability to predation (Rice et al. 1987 , Gadomsky & Petersen 1988 .
Any means to assess the nutritional condition of seacaught larvae would help in estimating larval survival and year-class fluctuations. Different methods have already been applied to that aim. Shelbourne (1957) evaluated the nutritional status of plaice larvae by arbitrarily categorizing their external appearance. Hempel and Blaxter (1971) measured O Inter-Research/Printed in Germany weight-length relationships (condition factor) in herring larvae. Morphometric measurements also can indicate starvation (Ehrlich et al. 1976 , Martin & Wright 1987 and are sometimes coupled with histological determinations (Theilacker 1978 , 1986 , Setzler-Hamilton et al. 1987 . Chemical or biochemical methods have also been commonly applied, utilizing e.g. chemical composition of herring (Ehrlich 1974a ) and plaice larvae (Ehrlich 1974b) , trypsin + trypsinogen content in cod larvae (Hjelmeland et al. 1984) , and nucleic acid and protein content of various fish larvae (Buckley 1980 , 1981 , Clemmesen 1987 . All of these methods have their limits -some are too time-consuming, others require large samples or are valid only for particular larval stages. Bulow (1970) first reported the sensitivity of the RNA:DNA ratio to changes in feeding levels. Ribonucleic acid (RNA) is involved in protein synthesis and related to growth rate (Sutcliffe 1965) . Its level is expected to be higher in tissues or organisms showing faster growth or protein synthesis. Deoxyribonucleic acid (DNA) is associated with genetic information and is considered to be constant in the cells of somatic tissues for a given species (Regnault & Luquet 1974) . It has been proved to be very stable under changing environmental conditions or during starvation. Buckley (1979 Buckley ( , 1980 Buckley ( , 1981 showed that the RNA:DNA ratio was a good indicator of growth rate, and used it as a nutritional index for diagnosis of starvation stress. However, determination of nucleic acids using the ultraviolet absorption method (Buckley 1979 , Buckley & Bulow 1987 ) required a relatively large sample size (0.8 mg dry wt) and could not evaluate individual variability, a necessary parameter for estimating sunrival rate within a population. Recently, more sensitive methods have been used to study the effects of starvation on individual fish larvae (Robinson & Ware 1988 , Westerman & Holt 1988 , but their results showed a much larger variability than observed on pooled samples, a s well as dependence of the RNA:DNA ratio on fish age (Clemmesen 1989) . Furthermore, large variation in the RNA:DNA ratio may occur in fed larvae (Clemmesen 1988 , Raae et al. 1988 . Therefore, use of the RNA:DNA ratio as an index of the length of starvation warrants close re-examination (Bergeron et al. in press ).
The present study was undertaken to examine the relationships between changes in RNA, DNA, and protein content during the development of laboratoryreared Solea solea (L.) larvae and young juveniles. Using analysis of protein and nucleic acids on the same individual samples, the effect of starvation at different ages was investigated to determine whether measurements of these biochemical components could provide an index of nutritional condition in S. solea larvae and juveniles.
MATERIALS AND METHODS
Incubation and rearing. Eggs were obtained from the Solea solea brood stock farmed at the Centre Oceanologique de Bretagne (IFREMER) and were incubated for 3.5 d at 10 to 11 "C, then for 2 d at 14 'C before hatching in a 60 l open-circulation tank. Batches of ca 3000 larvae were transferred to 60 1 closedcirculation, aerated rearing tanks under a 16 h light:8 h dark regime. The temperature was then raised up to 18-19 "C within a few days. At that temperature, the yolk sac was completely absorbed after Day 5, and metamorphosis occurred around Days 13 to 15. Larvae were fed young Artemia salina nauplii from the second day after hatching until starved. Dead larvae were counted and removed every day.
The effects of starvation period were measured on variously aged groups of larvae: some were fed throughout the experiment (controls), others were starved from the beginning or from 5, 10 or 14 d after hatching. Sampling and weight measurements. Sampling was performed on a progressive step basis, with a 1 d interval at the beginning of the treatment, then with 2, 3 or 4 d intervals over the course of the experiment. For starving larvae, a sample was taken 1 d before the beginning of starvation. Larvae were sampled early in the morning before feeding, thus minimizing contamination by food ingested the previous day. For each sampling interval, 5 larvae were individually removed, rinsed and pipetted into 1.5 m1 Eppendorf tubes, then immediately frozen at -30 ' C and stored at -80 "C. They were freeze-dried and left in a vacuum desiccator at 4 "C for 24 h before individual dry-weight determination on a microbalance ( + 1 @g). To obtain a precise value of dry weight, especially for the smallest larvae, freshly activated silica gel was placed in the balance in order to control for relative hygrometry. Time from removal from the desiccator to weighlng was controlled strictly.
Biochemical analyses. Each of the freeze-dried larvae was homogenized in 0.5 m1 of ice-cold phosphate buffer saline (PBS), pH 7.5 (Karsten & Wollenberger 1972) , with an all-glass hand microhomogenizer.
Protein determination: Proteins were measured as primary amines after acid hydrolysis, derivatization with o-phthaldialdehyde and fluorescence detection; 50 1-11 of the homogenate (or Bovine Serum Albumine as a standard) were pipetted with 150 p. l of 8 M HCl into 8 m1 screw cap tubes and hydrolysed at 105 ' C for 22 h. Then 400 v1 of 3 M NaOH and 400 pJ of 0.4 M borate buffer (pH 10.4) were added.
Protein measurements were carried out on a Kontron Anacomp 220 HPLC system used as an automatic analyser; a teflon tube (0.3 mm i.d.; 1.5 m long) was substituted for the column. The elution buffer, made daily, was a 0.4 M borate buffer (pH 10.4) containing the OPA reagent (650 mg o-phthaldialdehyde (Fluka) dissolved in 10 m1 ethanol and 2 m1 of mercaptoethanol (Prolabo) per litre]. Flow was adjusted to 0.8 m1 min-' to insure a 30 s minimum reaction time. Samples were injected through a valve fitted with a 100 p1 loop. Fluorescence detection was made by a Kontron spectrofluorometer SFM 25 (excitation at 340 nm, emission at 450 nm) and resulting peaks were quantified by area integration.
DNA and RNA determinations: Nucleoprotein dissociation was performed using heparin (Karsten & Wollenberger 1977) . Measurement of RNA and DNA together was made by the ethidium bromide (EB) procedure (Le Pecq & Paoletti 1966 , Karsten & Wollenberger 1972 , 1977 . A second fluorescence assay using bisbenzimidazole (Hoechst 33258), a DNA-specific fluorochrome, gave the sample DNA value (Brunk et al. 1979 , DeFlaun et al. 1986 , Clemmesen 1988 ) from a DNA-H33258 calibration curve. Calculation of the RNA value was made by substracting the corresponding DNA-EB fluorescence from the total-EB fluorescence and transferring the result to an RNA-EB calibration curve. Yeast RNA (type 111) and calf thymus DNA (Sigma) were used as standards.
DNA+RNA-EB fluorescence was measured using the same analytical equipment used for proteins. The elution solution was 0.1 M NaCl, pH 7.5, at a flow of 1.0 m1 min-l. The spectrofluorometer was fitted with a redsensitive photomultiplier, excitation was set at 365 nm and emission at 590 nm. A 100 p1 aliquot of the homogenate + heparin solution was mixed with 30 p1 of an EB solution (25 pg ml-' in 0.1 M NaCl) and injected after 1 min through a 100 p1 loop.
DNA-H33258 fluorescence was determined using 0.1 M NaCl, pH 9.0, as the elution solvent. The excitation light was set at 352 nm, the emission at 448 nm. The homogenate + heparin solution (50 p1) was mixed with 250 p1 of PBS. Fluorescence was measured on 150 p1 of the resulting solution mixed with 40 p1 of a n H33258 solution (0.01 mg ml-' in water).
For the EB and H33258 assays, the background fluorescence of each sample was determined by mixing a n equal volume of elution solution, instead of the fluorochrome solution, with the sample.
RESULTS
Larvae starved from hatching survived for 9 d, and those starved from Days 5, 10 and 14 survived for 10, 12 and 16 days respectively. Metamorphosis occurred around Days 13 to 15 for fed larvae. Ontogenetic changes ceased soon after food deprivation. Thus larvae which began to metan~orphose, then were starved on Day 14, never completed metamorphosis. Larvae starved from Day 2, 5 or 10 never metamorphosed. Fig. 1 shows on a semi-logarithmic scale the variations in dry weight for fed and starved larvae and juveniles. Two periods could be recognized on the curve for fed fishes: dry weight gain was slower after metamorphosis than before.
Starvation led to immediate loss of weight. This was especially evident for larvae starved from Day 2, which in fact were never fed, since mouth opening occurred on that day. These lost 60 % of their initial weight before all larvae died on Day 11. The weight decrease was not so obvious in the other groups that were starved. Larvae starved from Days 5 and 10 lost up to a maximum of ca 40 %, and larvae starved from Day 14 ca 35 %. The decrease in RNA content began 1 d after the beginning of starvation, except for the larvae that were never fed. DNA content showed a quite different evolution during starvation. Some increase occurred during the first day of food deprivation, and the subsequent decrease was not significant (Fig. 4) . The relationships between dry weight and protein, RNA and DNA content, linearized by logarithmic transformation, are given in Table 1 .
As shown in Table 2 , starvation induced a decrease in the protein content as a percentage of dry weight. In fed larvae, protein content amounted to 30 O/ O during yolk sac resorption, then increased up to 65 O/ O and maintained this value after metamorphosis. Except during yolk sac resorption, protein percentages were always lower in starved larvae than in fed ones.
RNA and DNA content (percentage of dry weight) showed that metamorphosis divided the larval development of Solea solea into 2 distinct periods, as seen above on the absolute RNA-age and DNA-age curves. Before metamorphosis, RNA values of fed larvae varied between 3.4 and 4.3 % dry wt. They decreased to 2.0-2.5 % dry wt after Days 13 to 15. In starved fish, percentage RUA also decreased after metamorphosis, but stayed always equal to or higher than that in fed larvae. Before metamorphosis, DNA content in fed larvae amounted to ca 2.1 % (Fig. 5) , with rather large variability (extreme values from 1.4 to 3.2 % dry wt). After metamorphosis it was very stable, around 1.2 O h , with remarkably low variability. It was always higher in starved larvae than in fed ones, and always increased with length of starvation, except for the last samples prior to mass death of larvae. Data obtained during these experiments were used to calculate the RNA:DNA ratios for the fed and starved batches (Fig. 6 ). Average RNA:DNA ratios were calculated a s ratios of the average RNA and DNA values for each experimental treatment, but the confidence intervals of the means could not b e computed since the number of replicates was very low (Schemer 1984).
Overall during ontogenetic development the mean RNA:DNA ratio was around 2 in fed larvae, with successive decreases and increases and very high individual variability. For each batch of starved larvae, the RNA:DNA ratio was lower than in fed ones and always decreased with length of food deprivation. As with percentage DNA, the slopes were steeper for young larvae than for older fish. However, a clear distinction can never b e made during the first days of starvation. Larvae starved from the beginning showed a sharp decrease in the RNA:DNA ratio, and could b e distinguished from fed larvae after 2 or 3 d of starvation (Fig. 6) . But for larvae starved after Days 5 and 10, the food deprivation interval must be longer to show a clear effect, and in juveniles starved after Day 14 (after metamorphosis), the RNA:DNA ratio was not significantly different from that for fed juveniles throughout the experiment.
DISCUSSION

Ontogenetic changes in fed larvae
We observed a net change in the growth pattern of fed larvae after metamorphosis. Whether that decrease is normal during the ontogeny of Solea solea, or due to inadequate nutritional value of the food supply during rearing, remains in question. However, it has been noted elsewhere that biochemical composition of fish depends on developmental stage (Love 1970 , Ehrlich 1974a . Metamorphosis in flatfish larvae does not lead to such drastic changes as observed in leptocephalous larvae of the bonefish, which lose half of their dry weight (Pfeiler & Luna 1984) . Nevertheless, tissue reorganization does occur, which can produce differences in biochemical composition, but above all, behavioural changes coupled with morphological changes lead to variation in the general metabolism (Bergeron 1982) and energy expenditure during later development. After metamorphosis, flatfish larvae are less active (Blaxter & Staines 1971) and have been shown to be more resistant to starvation (Clemmesen 1987 , Yin & Blaxter 1987 . Protein, RNA and DNA were closely related to dry weight in fed Solea solea larvae. Chemical changes generally are more closely linked to larval size than to age (Ehrlich 1974a , Buckley 1981 . Our values for protein content (% dry weight) are much higher than those of Clemmesen (1987) for herring and turbot larvae. This may be due to the different analytical methods used. However, as for these larvae, protein content of S. solea larvae increases during ontogenetic development.
Large variations and high individual variability in the RNA:DNA ratio were found in fed Solea solea larvae. Such large variations during ontogenetic development were also shown by Clemmesen (1987) in herring and turbot larvae and by Raae et al. (1988) in cod larvae.
The overall mean of the RNA:DNA ratio determined here for fed Solea solea larvae was around 2. That value is slightly lower than for reared Clupea harengus and Scophthalmus maximus larvae (2.4; Clemmesen 1987), but in many other studies the ratio was between 3 and 4 (Buckley 1980 , Wright & Martin 1985 . RNA:DNA ratio in reared larvae is generally much lower than in sea-caught larvae, where values of 6 to 8 are common (Buckley 1984 , Robinson & Ware 1988 , Clemmesen 1989 . Raae et al. (1988) found mean RNA:DNA ratios of ca 4.5 in Gadus morhua larvae fed on Brachionus sp. in tanks, and from 6 to 13 in larvae feeding on natural plankton in ponds. Prey offered to reared larvae may be of lower nutritional quality than wild plankton, and data from wild and reared larvae must be compared cautiously.
Effects of starvation
Four to flve days after yolk depletion, all Solea solea larvae that were not fed were dead in our experiments. Resistance to food deprivation is known to be clearly correlated with the amount of yolk available. McGurk (1984) showed from data for 25 species of marine fishes, including S. solea, that the time from fertilization to the age of irreversible starvation was positively correlated with the time needed to complete yolk resorption and negatively correlated with temperature. S. solea exhibits intermediate resistance to food deprivation compared to species with small eggs and yolk-sac larvae such as Engraulis mordax (Lasker et al. 1970) , Paralichtys californicus or Hypsopsetta guttulata (Gadomski & Petersen 1988) , and to species carrying larger yolk reserves, such as Clupea harengus or Ammodytes americanus .
Data presented here about the effect of starvation on biochemical composition of Solea solea larvae are in good agreement with those in the literature for other species (Buckley 1980 , 1981 , Raae et al. 1988 . The decrease in dry weight and protein content of starved h c h a r d et a1 : Star vation and Solea larvae between mouth opening and complete yolk sac resorption shows that the yolk reserve is not sufficient to ensure sustained growth, and confirms the critical importance of food availability in initiation of feeding (Buckley 1980) .
Even fed larvae showed a slight decrease in dry weight on Day 3, which could have been due to their learning how to capture prey. During the learning period, larvae waste a lot of energy in searching for food (Blaxter & Staines 1971) and cannot lay down new reserves. If food is not available at that time, yolk energy supply is quickly exhausted and feeding ability decreases even more rapidly. Therefore, such larvae could really experience complete starvation in the sea. The situation may be different for older larvae, which have more reserve substances, do not need a learning period to capture prey, and are able to eat a wider range of prey. Studies of starvation on older larvae have shown a high interspecific variabdity in resistance to food deprivation (Gadomski & Petersen 1988 ), but flatfish larvae are generally much more resistant than pelagic larvae, particularly after metamorphosis (Blaxter & Ehrlich 1974) .
Variations in RNA per larva (Fig. 3) clearly point out the effect of starvation and the influence of developmental stage on protein synthesis potential. RNA content decreased much more quickly for larvae that were never fed. Buckley (1981) made similar observations for cod larvae. Protein content per larva, as for RNA, decreased during starvation, while DNA remained at the same level. Relative to dry weight, protein content was lower in starved larvae while, contrary to the results of Clemmesen (1987) , RNA content was higher than in fed fish, except in the youngest larvae, but decreased during starvation. As shown in other studies on different species (Bulow 1970 , Buckley 1979 , Clemmesen 1987 , percentage DNA increased with length of starvation interval regardless of the age of starved larvae, particularly in larvae that were never fed, a s a result of the fast weight decrease occurring in these larvae.
Nucleic acids as indices of starvation
Since during starvation RNA content per individual decreases while DNA content is roughly constant, the RNA:DNA ratio has been extensively used as a nutritional index , Buckley & Lough 1987 .
The RNA:DNA ratios calculated from our results decreased soon after the start of food deprivation; consequently, the RNA:DNA ratio could be used to determine whether a larva were suffering starvation. However, as in turbot larvae (Clemmesen 1987) , RNA:DNA ratio appeared in our experiments to be dependent on developmental stage. Its rapid decrease in young larvae allowed a clear distinction between starving and fed larvae after a few days, while after metamorphosis the differences between the 2 groups were far less evident. Therefore, from our results, RNA:DNA ratio could be used only for comparison between larvae of the same stage. The same conclusion was reached by Westerman & Holt (1988) , who found large variations in the RNA:DNA ratio due to differences in the rate of increase of RNA and DNA during the early larval stages of red drum.
From data obtained on pooled samples of herring and turbot larvae, Clemrnesen (1987) presented a general model of the relationship between the length of the starvation interval, the logarithm of dry weight per larva and the RNA:DNA ratio, the main part of the overall variability being explained by the latter 2 parameters. Similar use of our whole data set did not yield a satisfactory model, as it explained only 28 % of the variability. This may be due to differences in the analytical methodologies. In our experiments, which analyzed biochemical components of individual fish, the RNA data were highly variable for pre-metamorphosed larvae, leading to fluctuating RNA:DNA ratios. Moreover, the larvae had high background values for RNA + DNA analysis. We cannot exclude the possible presence of stage-dependent interfering substances. To avoid such problems, it would be better to purify the nucleic acid samples before analysis, as suggested by Clemmesen (1988) . However, results of the few studies based on individual measurement of nucleic acids show a higher variability in the resulting RNA:DNA ratio (Robinson & Ware 1988) , even after purification of the samples (Clemmesen 1989) . The variability in the RNA:DNA ratio seems therefore to be real but is lower when pooled samples are analysed.
The percentage of DNA relative to dry weight was much more stable in fed larvae than was the RNA:DNA ratio. We cannot compare our results with those of other studies using individual measurements since they do not give data on this parameter (Robinson & Ware 1988 , Clemmesen 1989 ). In our study, variation in percentage DNA relative to dry weight during larval development showed clearly the distinction between starving and feeding larvae and revealed 2 critical levels depending on larval stage. Before metamorphosis, one could consider that larvae were undergoing starvation when DNA content (% dry wt) rose above 3, and above 1.5 for juveniles. These results confirm the conclusions of Bergeron et al. (in press ): percentage DNA relative to dry weight nlay b e a better and simpler index of larval nutritional status than the RNA:DNA ratio, since it is more stable in fed larvae and since measurement of DNA alone is easier and more sensitive.
In Solea solea larvae, all the indices of nutritional status, based on dry weight, protein or nucleic acid composition, were dependent on developmental stage. Nevertheless, subdivision of the larval period into a few stages might b e sufficient for interpretation of such biochemical indices. In particular, the percentage DNA relative to dry weight needs only 2 subdivisions, easily distinguished by metamorphosis.
The first days after initiation of feeding seem to be of critical importance (Buckley 1980) . Fortunately, indices based on nucteic acids are more sensitive in young larvae, and thus they can be very useful to assess larval nutritional condition. Due to the sensitivity of fluorometric measurements, individual analyses can be performed (Robinson & Ware 1988 , Clemmesen 1989 , present study) and can give an estimate of the variability in nutritional status within a population.
